Expression of the forkhead transcription factor FoxM1 correlates with proliferative status in a variety of normal and transformed cell types. Elevated expression of FoxM1 has been noted in both hepatocellular carcinoma and basal cell carcinoma. However, whether FoxM1 expression is essential for the viability of transformed cells is unknown. We report here that the expression of FoxM1 is significantly elevated in primary breast cancer. Microarray analysis shows that FoxM1 regulates genes that are essential for faithful chromosome segregation and mitosis, including Nek2, KIF20A, and CENP-A. Loss of FoxM1 expression generates mitotic spindle defects, delays cells in mitosis, and induces mitotic catastrophe. Timelapse microscopy indicates that depletion of FoxM1 generates cells that enter mitosis but are unable to complete cell division, resulting in either mitotic catastrophe or endoreduplication. These findings indicate that FoxM1 depletion causes cell death due to mitotic catastrophe and that inhibiting FoxM1 represents a therapeutic strategy to target breast cancer. (Cancer Res 2005; 65(12): 5181-9) 
Introduction
The forkhead box (FOX) protein family consists of f50 proteins that are characterized by a conserved 100 amino acid winged-helix DNA binding domain. FoxM1 was originally identified in a screen designed to clone cDNAs encoding proteins recognized by the MPM2 antibody, which recognizes an amino acid epitope found on M phase phosphoproteins (1) . A partial cDNA sequence corresponding to FoxM1 was identified, indicating that FoxM1 is phosphorylated in mitosis and is involved in the G 2 -M phase of the cell cycle. Detailed cell cycle analysis revealed that expression of the FoxM1 protein increases during G 1 and S phase, reaching maximal levels in G 2 -M (2). Evidence suggesting that FoxM1 is required for coupling DNA replication with mitosis is provided by the observation that hepatocytes and cardiomyocytes from FoxM1 À/À mice are polyploid. Mice lacking FoxM1 die in the perinatal period, with noticeable defects in the myocardium, including irregular cellular orientation and enlarged nuclei with up to a 50-fold increase in DNA content (3) . Although FoxM1 is widely expressed in embryonic tissues (4) , the defects in FoxM1 À/À mice are restricted to tissues that normally become polyploid in adult mice. Terminally differentiated, nonproliferating tissues display relatively low levels of FoxM1 expression (5) . Several studies indicate that FoxM1 participates in cell cycle control. Mice with a targeted deletion of FoxM1 in the liver show decreased bromodeoxyuridine (BrdUrd) incorporation and fewer mitotic cells compared with wild-type controls following partial hepatectomy (6) . Conversely, premature expression of FoxM1 in transgenic mice accelerates hepatocyte DNA replication and the expression of cell cycle regulatory proteins following partial hepatectomy (7) . Consistent with a role in proliferation, elevated expression of FoxM1 has been reported in both basal cell carcinoma (8) and in hepatocellular carcinoma (9) . In addition, FoxM1 expression is required for the proliferative expansion of hepatocellular carcinoma in a mouse model of tumor induction (10) . The observation that a p19 ARF peptide fragment physically interacts with FoxM1, suppresses FoxM1 transcriptional activity, and inhibits FoxM1-enhanced anchorage-independent growth (10) suggests that FoxM1 may be an attractive target for cancer therapy. However, it has not been determined whether FoxM1 is essential for viability in established cancer cells or whether specifically inhibiting FoxM1 is an effective therapeutic strategy.
Centrosomes are the primary components of the microtubule organizing center in mammalian cells. Immediately after mitosis, each daughter cell contains a single centrosome. In most cell types, centrosome duplication begins in S phase, and the two daughter centrosomes form the poles of the mitotic spindle. The regulation of centrosome duplication in mammalian cells is tightly controlled in order to maintain genomic integrity and prevent aneuploidy (11) . In addition to directing the formation of the mitotic spindle, recent evidence indicates that the centrosome participates in cell cycle regulation (12, 13) , and this activity is independent of microtubule nucleating activity. Cancer cells frequently contain elevated numbers of centrosomes (14, 15) , although whether centrosome amplification contributes to transformation or is a consequence of cancer progression remains to be determined. Because centrosomes usually nucleate microtubules, cells with supernumerary centrosomes form multipolar mitotic spindles and may undergo mitotic catastrophe (16) .
Mitotic catastrophe is defined as a form of cell death that occurs during mitosis, often arising from aberrant G 2 checkpoint control (17) . In normal cells, the G 2 checkpoint is activated by DNA damage and involves a complex network of genes involved in cell cycle arrest, DNA repair, and apoptosis (18) . Failure of the G 2 checkpoint allows premature progression through mitosis, resulting in mitotic catastrophe. Although the molecular details of mitotic catastrophe remain to be defined, several genes involved in the G 2 checkpoint induce mitotic catastrophe when disrupted, including 14-3-3r (19) , ATR (20) , and the CHK1 kinase (21) . In addition, defects in proteins required for mitotic spindle assembly also induce catastrophe. Depletion of hNuf2, a kinetochore protein involved in microtubule attachment, arrests cells in prometaphase and induces mitotic cell death (22) . Because mitotic catastrophe, by definition, is only induced in proliferating cells, and also occurs following DNA damage in cells with mutations in checkpoint proteins, induction of catastrophe presents a promising opportunity for specifically targeting cancer cells.
Analysis of microarray data from primary breast cancers revealed that FoxM1 expression is increased in infiltrating ductal carcinoma, the most commonly diagnosed form of breast cancer. In order to evaluate whether FoxM1 expression is essential for cancer cell growth or is secondary to an increase in the number of proliferating cells, we used short interfering RNA (siRNA) to evaluate the effect of directly inhibiting FoxM1 in breast cancer cell lines. Microarray data from cells treated with FoxM1 siRNA identified several previously unreported genes that are regulated by FoxM1, including CENP-A, Nek2, and KIF20A. Using a stable FoxM1 hairpin construct, we found that continuous depletion of FoxM1 results in mitotic catastrophe. Our results indicate that FoxM1 is required for cancer cell viability and show that loss of FoxM1 causes aberrant spindle formation, ultimately leading to mitotic catastrophe.
Materials and Methods
Primary tissue expression profiling data. Expression profiling data from primary human cancer samples was obtained from the GeneLogic BioExpress Database (Gaithersburg, MD), a commercially available repository of transcriptional profiling data from thousands of diseased and normal tissue samples. Whole tumor samples from patients with infiltrating ductal carcinoma (n = 194) were chosen at random from the database. Normal samples (n = 14) were taken from patients undergoing reduction mammoplasty. Data from patients with fibrocystic breast disease (n = 10) and fibroadenoma (n = 7) were filtered to remove patients with concomitant malignant disease elsewhere in the breast at the time of surgery. RNA from each sample was analyzed on Affymetrix HgU95A chips and normalized with MAS 4.0. Difference averages for qualifier 34715_at were used for statistical analysis, and negative difference averages were assigned a value of 1. P values were calculated using the Mann-Whitney U test.
TaqMan analysis. Breast cancer and adjacent normal tissue samples, with accompanying clinical data, were obtained from Genomics Collaborative (Cambridge, MA). Tumor samples were from patients with stage II and stage III infiltrating ductal carcinomas, and contained 65% to 75% tumor tissue. Real-time reverse transcription-PCR was done using the forward primer 5V -GACAGGTTAAGGTTGAGGAGCCT-3V , reverse primer 5V -GTGCTGTTGATGGCGAATTGT-3V , and FAM-labeled probe 5V -TGTCTG-AGCGGCCACCCTACTCTTACA-3V . TaqMan one-step RT-PCR Master Mix Reagents (Applied Biosystems, Foster City, CA) were used for reverse transcription and real-time PCR according to the manufacturer's instructions. The predeveloped assay reagent Human ribosomal protein PO (Applied Biosystems) was used as a control for normalizing FoxM1 expression. Relative amounts of transcript were determined by generating a standard curve with human Universal Reference RNA (BD Clontech, Palo Alto, CA). Reactions were done in triplicate and the average and SD are shown. Fold change represents the ratio of FoxM1 in cancer tissue as compared with the adjacent normal tissue.
Cell culture. All cell lines were obtained from American Type Culture Collection (Manassas, VA). MCF-7, BT-474, SK-BR-3, and MDA-468 cells were cultured in DMEM with 10% fetal bovine serum. BT-20 cells were maintained in Eagle's minimum essential medium with 10% fetal bovine serum. MCF-12A cells were cultured in a 1:1 mixture of DMEM and Ham's F12 medium, 20 ng/mL human epidermal growth factor, 100 ng/mL cholera toxin, 0.01 mg/mL bovine insulin, 500 ng/mL hydrocortisone, and 5% horse serum. MCF-10A cells were grown in MEGM made of MEBM basal medium and SingleQuot additives (Clonetics, CC-3150), supplemented with 100 ng/mL cholera toxin.
RNAi. Annealed, purified, double-stranded oligonucleotides were obtained from Dharmacon (Lafayette, CO). The FoxM1 siRNA sequence was CCUUUCCCUGCACGACAUGdTdT. The green fluorescent protein (GFP) control oligo sequence was CAAGCUGACCCUGAAGUUCdTdT. For transfections, cells were plated at f50% confluence and transfected with 200 nmol/L oligo using siPORT (Ambion, Austin, TX) for 5 hours according to the manufacturer's instructions. Stable expression of the FoxM1 short hairpin RNA (shRNA) was achieved using the pSilencer 3.1 H1 puro vector (Ambion), with a FoxM1 hairpin sequence based on the FoxM1 siRNA indicated above, according to the manufacturer's instructions for hairpin design. The negative control vector is pSilencer 3.1 H1 puro, containing a 66-bp hairpin with limited homology to known sequences in the human genome, supplied by the manufacturer (Ambion). Cells were transfected with Effectene transfection reagent (Qiagen, Valencia, CA) and selected for 6 days in the presence of 0.5 Ag/mL puromycin.
Cell proliferation assays. The cell proliferation reagent WST-1 (Roche, Indianapolis, IN) was used to assay cell number. Cells were trypsinized 24 hours after transfection and plated in 96-well plates. Absorbance was assayed 30 minutes after adding WST-1 according to the manufacturer's instructions.
Immunoblot analysis. Culture cells were lysed in buffer containing 10 mmol/L Tris (pH 7.4), 1% SDS, 1 mmol/L sodium orthovanadate, and complete protease inhibitors (Roche). Protein concentrations were analyzed using the bicinchoninic acid assay (Pierce, Rockford, IL), and equivalent amounts of protein were loaded on 12% SDS-PAGE gels. Proteins were transferred to Optitran nitrocellulose (Schleicher & Schuell, Keene, NH) and blotted with antibodies against FoxM1 (MPP2 K-19, Santa Cruz, Santa Cruz, CA) or h-actin (A-5441, Sigma, St. Louis, MO).
Microarray analysis. BT-20 cells were transfected in triplicate with a mock transfection (no siRNA), GFP siRNA, or FoxM1 siRNA. Cells were collected 48 hours after transfection, and RNA was isolated using the RNeasy Mini Kit (Qiagen). Generation of labeled target for hybridization was essentially as described (23) . Briefly, 8 Ag of total RNA was used to generate first-strand cDNA using a T7-oligo d(T) primer. Following second-strand synthesis, in vitro transcription was done using biotinylated CTP and UTP (Enzo Diagnostics, Farmingdale, NY). Fifteen micrograms of biotinylated RNA was fragmented prior to overnight hybridization on Affymetrix HgU133A arrays. Arrays were analyzed and absent/present calls were determined with Affymetrix GeneChip software. Transcript abundance was calculated by comparing the signal value of each transcript to the signal value of a cRNA spike-in standard curve (24) . Fold change analysis was done using the average of mock and GFP-transfected cells (n = 6 in total) relative to the average of FoxM1 siRNA-transfected cells (n = 3). P values were calculated using Student's t test. Data were filtered using a fold change cutoff of F1.70, a P value V 0.010000, and at least 3 of 9 ''present'' calls for each probe set. The entire data set has been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and is accessible through GEO Series accession number GSE2222.
Crystal violet staining. Following transfection, 2.5 Â 10 5 cells per well were plated in six-well dishes. At the indicated times, cells were fixed in 0.5% glutaraldehyde, washed, and stained with 0.2% crystal violet.
Time-lapse imaging. Cells in six-well dishes were placed in CO 2 -independent medium (Life Technologies, Carlsbad, CA), overlaid with mineral oil, and maintained at 37jC. Phase contrast images were captured at regular intervals using an Olympus IMT-2 inverted microscope equipped with a Zeiss AxioCam HRC digital imaging system. BrdU assay. Cells were labeled for 20 hours with BrdU and analyzed with the BrdU Labeling and Detection Kit (Roche Applied Science) according to the manufacturer's instructions. Cells were examined by fluorescence microscopy and scored for BrdU staining. The percentage of BrdU-positive cells was obtained from at least 200 nuclei for each sample.
Immunohistochemistry. Cells were plated on glass coverslips coated with poly-D-lysine and allowed to adhere overnight. For analysis of a tubulin, cells were fixed in 3% paraformaldehyde/PBS for 20 minutes, washed in PBS, and permeabilized with 0.5% Triton X-100 for 3 minutes. Blocking was done with 5% bovine serum albumin in PBS for 6 hours. Monoclonal a-tubulin antibody (Sigma clone B-5-1-2) was diluted 1:1,000 in 3% bovine serum albumin/PBS, incubated overnight at 4jC, and detected with AlexaFluor 488 goat anti-mouse IgG (Molecular Probes, Eugene, OR). For detection of centrosomes, cells were fixed with a 1:1 mixture of acetone/methanol at À20jC for 10 minutes and incubated with g-tubulin monoclonal antibody (clone GTU-88) from Sigma at a dilution of 1:2,000. All other steps were identical to the staining for a-tubulin. Cells were counterstained with 4V,6-diamidino-2-phenylindole before mounting with ProLong antifade reagent (Molecular Probes). The percentage of cells with mitotic spindle defects was determined by counting 100 mitotic cells from three different transfections for both negative control and FoxM1 shRNA. Cells were scored as abnormal if they displayed spindles with more than two poles. The percentage of cells with more than two centrosomes was determined by counting at least 200 cells from three different transfections for negative control and FoxM1 shRNA.
Results
The FoxM1 transcript is significantly increased in primary infiltrating ductal carcinomas. In order to identify transcripts that are specifically increased in breast cancer, we have analyzed Affymetrix HgU95A data from 194 infiltrating ductal carcinomas present in the GeneLogic BioExpress database, a commercially available collection of transcriptional profiling data. Comparison of ductal carcinoma and normal breast tissue identified a transcript, FoxM1, which was increased relative to normal tissue (Fig. 1A) . The FoxM1 transcript was significantly elevated in breast cancer relative to normal breast tissue (Mann-Whitney U test P value = 1.6 Â 10
À8
), fibrocystic breast disease (P = 6.0 Â 10 À8 ), and fibroadenomas (P = 0.0012), indicating that FoxM1 expression is specifically elevated in infiltrating ductal carcinomas. In order to confirm the microarray data, real-time reverse transcription-PCR analysis was done on matched tissue samples from stage II and III ductal carcinomas and adjacent normal tissue (Fig. 1B) . The two stage II carcinomas showed an increase of 4-or 9-fold relative to adjacent normal tissue, whereas the stage III carcinomas showed an increase of 76-or 116-fold. We then examined whether FoxM1 was also overexpressed in breast cancer cell lines, using two nontransformed, spontaneously immortalized breast epithelial cell lines, MCF-10A and MCF-12A, for comparison. Western blotting of five transformed breast cancer cell lines shows that the FoxM1 protein is increased in all five lines relative to the two nontransformed lines (Fig. 1C) . Both of the nontransformed cell lines proliferate more rapidly than either BT-20 or MCF-7 breast cancer cells (Supplemental Fig. S1 ), suggesting that elevated expression of FoxM1 is specific to transformed cells, rather than representing a secondary consequence of heightened proliferation. These results confirm that FoxM1 expression is increased in primary infiltrating ductal carcinoma and that the FoxM1 protein is consistently overexpressed in breast cancer cell lines.
FoxM1 short interfering RNA inhibits proliferation in BT-20 and MCF-7 breast cancer cell lines. In order to address whether FoxM1 is essential for the proliferation of breast cancer epithelial cells, we did RNAi using transient transfection of a 21-nucleotide double-stranded RNA molecule that recognizes all three splice forms of FoxM1 (25) . MCF-7 estrogen receptor-positive and BT-20 estrogen receptor-negative cell lines were transfected with FoxM1 siRNA, and cells were collected for protein analysis at the indicated time points ( Fig. 2A and B) . Immunoblotting indicates that FoxM1 siRNA reduces expression of the FoxM1 protein, whereas FoxM1 expression in mock-transfected and GFP-transfected cells remains unchanged. Although both cells lines were transfected under similar conditions, the decrease in FoxM1 protein expression was less pronounced and returned within 72 hours in MCF-7 cells, whereas expression did not return until 120 hours in the BT-20 cell line. Differences in transfection efficiency may account for this observation.
We then measured proliferation in BT-20 and MCF-7 breast cancer cells with reduced FoxM1 expression. Cells were plated 24 hours after transfection and analyzed using WST-1, which measures mitochondrial dehydrogenase activity and reflects cell number. Both cell lines displayed a decrease in proliferation over the time course examined (Fig. 2C and D) . BT-20 cells showed a maximal growth inhibition of 46% at 72 hours posttransfection, whereas the proliferation of MCF-7 cells was inhibited 39% at the same time point. Because the extent of growth inhibition was similar, it is likely that the level of FoxM1 protein in both cell lines was limiting for proliferation, even though the absolute level of expression differed. Another siRNA targeting FoxM1 showed similar growth inhibition in both cell lines (data not shown). We also attempted to determine whether FoxM1 is essential for proliferation in nontransformed epithelial cells. Our results indicate that transfection of MCF-12A cells with FoxM1 siRNA does not decrease proliferation (data not shown). However, we were unable to detect a reduction in FoxM1 protein expression beyond the already low level in MCF-12A cells. Therefore, we cannot definitively establish the effect of lowering FoxM1 expression in nonmalignant cells.
RNAi of FoxM1 did not induce apoptosis in either breast cancer cell line, as determined by ELISA analysis of ssDNA at each time point analyzed in the proliferation assay (data not shown). Due to the lack of an increase in cell death, we hypothesized that decreased FoxM1 may have an effect on the cell cycle. Analysis of BT-20 cells at 48 hours posttransfection indicated an increase in the percentage of cells in G 2 -M and a concomitant decrease in the G 1 population (Fig. 2E) . No increase in the sub-G 1 population of cells was observed, confirming that there is no significant increase in apoptosis when cells are treated with FoxM1 siRNA. Analysis of cell cycle profiles at 72 and 120 hours posttransfection revealed identical profiles among mock, GFP, and FoxM1 transfected cells (data not shown). Therefore, FoxM1 siRNA induces a transient block in G 2 , which is sufficient to alter the proliferation of BT-20 and MCF-7 cells.
FoxM1 regulates genes involved in transcription and cell cycle regulation. Although the role of FoxM1 in coupling S phase and mitosis has been observed, the transcriptional program by which FoxM1 regulates this function is not entirely clear. Previous studies have identified several cell cycle regulatory genes that are directly regulated by FoxM1 in reporter assays, including cdc25B (6), cyclin B1 (2), and cyclin D1 (26) . In addition, mice expressing a liver-specific FoxM1 transgene show accelerated induction of cyclins B1, B2, A2, and F following partial hepatectomy (27) . However, a genome-wide analysis of genes that are transcriptionally regulated by FoxM1 has not been reported. In order to identify additional genes that are regulated by FoxM1, we isolated RNA from BT-20 cells that had been transfected with FoxM1 siRNA and monitored expression of f22,000 transcripts on Affymetrix HgU133A microarrays. Triplicate transfections were done for mock, GFP siRNA, and FoxM1 siRNA samples, and RNA was collected 48 hours after transfection. Approximately 50% (11,233) of the tiled transcripts were detectable in three or more samples, and these transcripts were used for further analysis as described in Materials and Methods. Using mock-and GFP-transfected cells as a control, we identified a set of 27 genes that was specifically regulated in cells transfected with FoxM1 siRNA ( Table 1 ). The results indicate that FoxM1 was the most differentially expressed gene, with a 5.69-fold decrease. Expression of other forkhead family members did not change significantly (Supplemental Fig. S2A ), indicating that the FoxM1 siRNA specifically decreases expression of FoxM1. Included in the list were cdc25B and cyclin A (denoted CCNA2 in Fig. 3 ), two previously reported FoxM1 target genes. In addition, FoxM1 siRNA modulated several genes that are themselves involved in transcriptional regulation, including the WT-1 interacting protein CIAO1, the retinoblastoma-interacting protein RBBP1, and the transcriptional corepressor DR1. Also among the identified genes were two that are required for mitotic spindle assembly. CENP-A is a conserved variant of histone H3 and is implicated in kinetochore assembly (28) . Nek2 is a centrosomal kinase that is required for chromosome segregation and cytokinesis (29) . Four Cells were transfected with lipid reagent only (mock), GFP, or FoxM1 siRNAs and cell lysates were collected at the indicated times. Immunoblot analysis was done with antibodies to FoxM1 or h-actin. BT-20 lysates (A ) were loaded on two separate gels that were completed simultaneously (denoted by vertical black line). C and D, proliferation assay of cells transfected with FoxM1 siRNA. Cells were transfected with siRNA at t = 0 plated in 96-well plates 24 hours after transfection. WST-1 was used to measure cell number. Cell number is expressed as the ratio relative to the cell number at plating (t = 24 hours). E, cell cycle analysis of BT-20 cells 48 hours after transfection with lipid alone (mock), or siRNA targeting GFP or FoxM1. Triplicate samples were collected by trypsinization, stained with propidium iodide, and analyzed by flow cytometry. The percentage of cells in each phase of the cell cycle was determined with ModFit LT (Verity Software, Topsham, ME). Columns , mean; bars , SD. *, Student's t test, P value < 0.03.
genes were selected for analysis using real-time reverse transcription-PCR, and all four confirmed the microarray data (Supplemental Fig. S2B ). These results suggest that in addition to cell-cycle regulatory genes, FoxM1 also regulates genes that are required for transcriptional control and mitosis.
Stable FoxM1 short hairpin RNA decreases cell viability. In order to evaluate the consequences of prolonged depletion of FoxM1, we transfected BT-20 cells with a stable construct expressing FoxM1 shRNA and evaluated cell viability with crystal violet staining, as diagramed in Fig. 3A . Figure 3B shows that the construct was effective in reducing both FoxM1 RNA and protein expression after 6 days in selection media. However, we were unable to isolate a stable cell line with reduced FoxM1 expression. Figure 3C shows that although cells were plated at the same density prior to selection (day 2), following selection for 6 days, there were fewer cells surviving after transfection with FoxM1 shRNA as compared with cells transfected with control shRNA (day 8). After 7 days of growth, control cells continued to proliferate, whereas the number of FoxM1 shRNA cells continued to decrease (day 15). The results indicate that disruption of FoxM1 affects cell survival and inhibits cellular proliferation.
Mitotic catastrophe and polyploidy are induced in FoxM1 short hairpin RNA cells. We hypothesized that defects in mitotic progression may be responsible for the extensive cell death following transfection with FoxM1 shRNA (Fig. 3C, days 8 and 15) . Therefore, time-lapse microscopy was used to follow cells through mitosis. Figure 4A shows that a control cell initiates mitosis, undergoes cytokinesis, and returns to interphase within 120 minutes. In contrast, we found that there are two distinct outcomes for cells expressing FoxM1 shRNA. The majority of cells initiates mitosis but are unable to divide, eventually undergoing cell death while in mitosis (Fig. 4B) . The morphology of these cells is identical to previously reported instances of mitotic catastrophe, including catastrophe induced by siRNA to hNuf2 (22) or ionizing radiation (30) . In addition, 4V ,6-diamidino-2-phenylindole staining of nuclei revealed multinucleation that is typical of mitotic catastrophe (Supplemental Fig. S3A ). Therefore, we conclude that most of the cells with decreased FoxM1 expression enter mitosis but are unable to divide, and cell death results from mitotic catastrophe. A smaller population of cells initiates mitosis, does not divide, and exits mitosis without completing nuclear division or cytokinesis (Fig. 4C) . These cells undergo a prolonged arrest after initiating mitosis, averaging 450 F 150 minutes. This leads to the formation of enlarged cells with polyploid nuclei (Fig. 4H, 4V ,6-diamidino-2-phenylindole-stained cells and Supplemental Fig. S3B ), similar to the phenotype observed in hepatocytes and cardiomyoctes of FoxM1 knock-out mice (3) . Although this population of cells is able to complete several rounds of DNA replication in the absence of cell Research.
on October 29, 2017. © 2005 American Association for Cancer cancerres.aacrjournals.org Downloaded from division, over time (21 days after transfection), these cells eventually undergo cell death, although the cells do not resemble traditional apoptotic or necrotic cells (Fig. 4E-G) . Instead, the cells display the enlarged, flattened morphology associated with cellular senescence. Therefore, cells were stained for the presence of SA-hgal activity, a well-characterized marker of senescence (31) . Neither control nor FoxM1 shRNA cells were positive in this assay (data not shown). We also analyzed BrdU incorporation to determine whether the cells are actively proliferating. At 21 days posttransfection, negative control cells were 85% positive for BrdU, whereas the percentage of positive cells dropped to 40% when FoxM1 expression was reduced (Fig. 4H) . We conclude that although a minor population of FoxM1 shRNA cells is able to undergo endoreduplication, these cells eventually lose their capacity to replicate DNA and undergo cell death.
Depletion of FoxM1 induces mitotic spindle aberrations. In order to establish whether defective spindle formation plays a role in the mitotic failure of cells transfected with FoxM1 shRNA, the mitotic spindle was examined using a-tubulin antibodies to stain microtubules. Figure 5A indicates a control cell in mitosis, with a typical bipolar spindle. Figure 5B -D represent various mitotic abnormalities found in FoxM1 shRNA-transfected cells. Figure 5B is a representative example of a metaphase cell that contains condensed chromatin but lacks an organized mitotic spindle, with multiple apparent spindle poles throughout the cell. Figure 5C and D indicate an organized tripolar or tetrapolar spindle, respectively, that is typically seen in cells with reduced FoxM1 expression. Quantitative analysis of mitotic cells stained with a-tubulin antibodies indicates that 21.0 F 3.6% of control cells versus 62.6 F 4.5% of FoxM1 shRNA cells exhibit mitotic spindle defects.
Because centrosomes play a critical role in bipolar spindle organization, we investigated whether the defects in spindle formation were due to centrosomal amplification using antibodies to g-tubulin, a core component of the centrosome (32) . Figure 6A shows that control cells contain two centrosomes during interphase, and form a bipolar mitotic spindle. Figure 6B indicates that FoxM1 shRNA cells contain numerous centrosomes during interphase, which leads to the formation of multiple spindle poles in mitotic cells (Fig. 6C-E) . The results indicate that some centrosomes are able to nucleate microtubules whereas others remain unattached to the mitotic spindle ( Fig. 6C and D, white  arrows) . This explains our observation that although most cells displaying centrosome amplification contain 10 or more visible centrosomes during interphase, the formation of mitotic spindles with more than five poles was not observed. Evaluation of at least 200 cells from triplicate transfections determined that the percentage of cells with more than two centrosomes was 19.2 F 1.3% in control cells versus 63.0 F 4.0% in FoxM1 shRNA cells. Therefore, depletion of FoxM1 significantly increases centrosome number. Our results suggest that FoxM1 shRNA cells undergo mitotic catastrophe due to the formation of multipolar spindles that nucleate from supernumerary centrosomes.
Discussion
Elevated expression of FoxM1 has previously been found in hepatocellular carcinoma (9) and basal cell carcinoma (8) . Further evidence linking FoxM1 with malignant transformation is provided by the recent finding that mice with a conditional deletion of FoxM1 in hepatocytes are resistant to developing hepatocellular carcinomas following exposure to a diethylnitrosamine/phenobarbital tumor induction protocol (10) . We report here that microarray analysis of 194 infiltrating ductal carcinomas indicates that FoxM1 expression is also increased in breast cancer, and the increase is significant relative to both normal tissue and benign breast disease. TaqMan RT-PCR analysis of matched pairs of tumor and adjacent normal tissue confirms the microarray data and indicates that FoxM1 expression is higher in stage III than in stage II carcinomas. However, whether FoxM1 expression is clinically useful for staging remains to be determined.
Using RNA interference, we have shown that reducing FoxM1 expression is sufficient to inhibit the proliferation of breast cancer cell lines and cause an increase in the population of cells in G 2 -M. Previous studies using a tetracycline-inducible HeLa cell line indicated that FoxM1 overexpression does not affect the cell cycle under normal serum conditions in unsynchronized cells (2) . However, following serum deprivation, FoxM1 expression facilitated growth recovery and also accelerated the exit from G 2 -M following synchronization with L-mimosine. Our results indicate that FoxM1 expression is necessary for the proliferation of breast cancer epithelial cells under normal serum conditions in logarithmically growing cells. Prolonged depletion of FoxM1 inhibits proliferation and also decreases cell viability, suggesting that this is an effective mechanism for eliminating transformed cells. We hypothesized that identification of genes regulated by FoxM1 would facilitate an understanding of the role FoxM1 plays in cell cycle progression. The microarray results provide insight into how FoxM1 may affect both the G 1 -S and G 2 -M transition. One of the genes we identified, RBBP1, inhibits the G 1 -S transition by binding to retinoblastoma and recruiting histone deacetylases, resulting in decreased expression of genes regulated by E2F (33) . Therefore, repression of RBBP1 by FoxM1 would promote progression into S phase. CDKN3 and cyclin A2, which are regulated by FoxM1, also play a role in the progression from G 1 to S phase by binding to CDK2. Cyclin A binding to CDK2 promotes S phase progression (34) , whereas expression of CDKN3, which binds and inactivates CDK2, inhibits entry into S phase (35) . Although CDKN3 activity is associated with cell cycle arrest, its expression is elevated in both breast and prostate cancer. In addition, lowering CDKN3 expression reduces anchorage-independent growth and tumor formation in nude mice (36) , suggesting that CDKN3 is associated with the transformed phenotype. FoxM1 also plays a role in regulating G 2 -M by inducing expression of cyclin A and cdc25B. Cyclin A binding to CDK1 promotes entry into mitosis (34), whereas cdc25B dephosphorylates CDK1, thereby promoting CDK1 activity.
Several of the identified genes provide a molecular pathway linking FoxM1 to mitotic progression and spindle formation. CENP-A is essential for centromere structure and function, as indicated by the observation that RNAi of CENP-A causes a failure of chromosome alignment at the metaphase plate (37) . In addition, CENP-A is overexpressed in colorectal cancer (38) . Expression of KIF20A, a microtubule-associated motor protein, is up-regulated in mitosis and localizes to the spindle midzone during anaphase (39) . Cells injected with antibodies against KIF20A become binucleate, indicating that KIF20A is required for cytokinesis. Another gene identified on the microarray, NEK2, localizes to centrosomes throughout the cell cycle and overexpression triggers centrosome splitting in U2OS cells (40) . It is also notable that two of the genes regulated by FoxM1, cyclin A and cdc25B, have been implicated in centrosome regulation. The cyclin A/CDK2 complex is required for centrosome duplication (41) , and Aurora A phosphorylates cdc25B in mitotic cells, localizing cdc25B to the centrosome (42). Although most of these putative FoxM1 target genes contain at least one of the potential FoxM1 binding sites reported in the literature (4, 5, 25) , it is possible that some of the genes we identified are not direct targets of FoxM1 but are deregulated as a result of aberrant cell cycle progression. This issue necessitates further study to determine whether FoxM1 directly regulates these genes.
Several recent studies have indicated that polyploidy is often associated with centrosomal amplification. Inactivation of E2F3 (43) or overexpression of Aurora A (44) leads to centrosomal amplification accompanied by polyploidy. A further example is provided by MEF cells with a targeted deletion of the ubiquitin ligase component Skp2, which display polyploidy, centrosomal amplification, and increased apoptosis (45) . Our results also indicate that centrosomal amplification occurs concomitantly with polyploidy, because we did not observe elevated centrosome numbers unless cells also contained enlarged, polyploid nuclei. Because we observed defects in mitotic progression and cytokinesis, the centrosome abnormalities seem to be a result of polyploidy, rather than implicating FoxM1 directly in the control of centrosome duplication. Nevertheless, the generation of multiple spindle poles seems to be incompatible with cell viability and leads to cell death by mitotic catastrophe.
The data presented here indicate that inhibition of FoxM1 represents an attractive target for cancer therapy. Because overexpression has been noted in hepatocellular carcinoma, basal cell carcinoma, and infiltrating ductal carcinoma, a FoxM1 inhibitor has the potential for efficacy in several types of tumors. In addition, low FoxM1 expression in normal adult tissues, coupled with the observation that FoxM1 À/À mice are normal with the exception of hepatocytes and cardiomyoctes, indicates that therapeutic intervention should have minimal toxicity in normal cells. Rather than inducing cell cycle arrest, continuous loss of FoxM1 is cytotoxic and has the potential to completely eliminate tumor cells. Our results indicate that inhibiting FoxM1 presents a mechanism to selectively target transformed cells that are dependent on FoxM1 for survival.
